Purpose: To determine whether variations in aortic wall motion exist in mammalian species other than humans and to consider the potential implications of such variations. Methods: M-mode ultrasound was used to measure abdominal aortic wall motion in 4 animal species [mice (n510), rats (n58), rabbits (n57), and pigs (n55)], and humans (n56). Anterior wall displacement, posterior wall displacement, and diastolic diameter were measured. The ratio of displacement to diameter and cyclic strain were calculated. Results: Body mass varied from 24.162.4 g (mouse) to 61.8613.4 kg (human); aortic diameter varied from 0.5360.07 mm (mouse) to 1.261 mm (human). Anterior wall displacement was 2.5 to 4.0 times greater than posterior among the species studied. The ratios of wall displacement to diastolic diameter were similar for the anterior (range 9.40%-11.80%) and posterior (range 2.49%-3.91%) walls among species. The ratio of anterior to posterior displacement (range 2.47-4.03) and aortic wall circumferential cyclic strain (range 12.1%-15.7%) were also similar. An allometric scaling exponent was experimentally derived relating anterior wall (0.37760.032, R 2 50.94) and posterior wall (0.37860.037, R 2 50.93) displacement to body mass. Conclusion: Abdominal aortic wall dynamics are similar in animals and humans regardless of aortic size, with more anterior than posterior wall motion. Wall displacement increases linearly with diameter, but allometrically with body mass. These data suggest increased dynamic strain of the anterior wall. Increased strain, corresponding to increased elastin fatigue, may help explain why human abdominal aortic aneurysms initially develop anteriorly. Aortic wall motion should be considered when developing endovascular devices, since asymmetric motion may affect device migration, fixation, and sealing.
Arterial wall biomechanics are thought to be important in aneurysm development and atherosclerotic plaque localization. Examples of wall biomechanics, including vessel tension, cyclic strain, and wall motion, are aspects of elastic wall dilation as a result of pulsatile blood flow. Specifically, the aorta expands during systole and recoils during diastole. Until recently, it was commonly assumed that this motion occurred concentrically about the center of the lumen. However, dynamic magnetic resonance (MR), computed tomography (CT), and ultrasound imaging techniques have shown that aortic wall motion undergoes non-uniform circumferential deformation during the cardiac cycle. [1] [2] [3] [4] This phenomenon has been observed in both humans and pigs. 5, 6 Quantifying wall motion has come to the forefront for several reasons. First, successful aneurysm exclusion with stent-grafts depends on an adequate proximal seal. 4 Inadequate sealing between the endovascular device and the vessel wall may cause type I endoleaks and subsequent pressurization of the aneurysm sac. Second, decreased wall motion has been shown to inhibit the progression of atherosclerosis in animal models. 7 Although the exact inhibiting mechanism is not yet known, data suggest that cellular proliferation and lipid uptake into the vessel wall may be involved. Finally, abdominal aortic aneurysm (AAA) morphology plays an important role in wall deformation and stress distribution. 8 Asymmetrical aneurysms, where bulging occurs preferentially in the anterior direction, are often observed in patients. Since animal research on this phenomenon has focused on species with large vasculature similar to that of humans, there is no published information on whether or not asymmetric wall motion occurs in smaller laboratory animals.
Studies of cardiovascular disease, however, commonly use small animal models. For example, animal models that mimic human disease have been developed for atherosclerosis, 9 aortic aneurysms, 10,11 myocardial infarction, 12 congestive heart failure, 13 and peripheral arterial disease.
14 These models span orders of magnitude in size, i.e., from mice with an abdominal aortic diameter ,1 mm and a heart rate of over 400 bpm to humans, with an abdominal aortic diameter .1 cm and a heart rate of ,72 bpm. Moreover, seminal work by Wolinsky and Glagov 15, 16 showed that the number of lamellar units in the media of adult mammalian aortas is nearly proportional to aortic diameter, and species with aortas that contain fewer than 29 lamellae are devoid of medial vasa vasorum. Although allometric scaling laws have been devised that relate structure and function among species of vastly different size, no known scaling law has been reported for aortic wall motion.
The purpose of our study was to determine the dynamics of aortic wall motion in several species with varying aortic sizes (mice, rats, rabbits, pigs, and humans). Direct measurement of the anterior and posterior aortic walls using M-mode ultrasound was chosen because of its ability to produce images noninvasively, with adequate spatial and temporal resolution for all species in this study. Displacement of both the anterior and posterior aortic walls was quantified and then used to calculate wall displacement to diameter ratios in an effort to compare motion across species. We then estimated the circumferential cyclic strain and compared our results to previously published data. Determining the relationship between wall displacement and aortic diameter enabled the empirical derivation of an allometric scaling law for wall displacement as a function of body mass.
METHODS
All studies were conducted in accordance with the institution's ethical guidelines. Animal experiments were carried out with local Institutional Animal Care and Use Committee approval. The Human Subjects Research Internal Review Board approved all human experiments, and informed consent was obtained from all volunteers.
Animal Models and Anesthesia
Five different mammalian species (Table 1) were investigated using young adults to minimize effects of growth and aging. Male C57/Bl6 mice (n510, [8] [9] [10] 
Ultrasound
All animals and human volunteers were imaged in a supine position with the ultrasound transducer placed directly on the abdomen in an anteroposterior projection over the infrarenal aorta. M-mode images tracking wall motion were collected at 2 to 4 discrete locations midway between the renal arteries and iliac bifurcation. The diminutive vessels and rapid heart rates in rodents required a transducer stabilizing system consisting of a heated platform to maintain body temperature and a transducer mount with an integrated rail system (VisualSonics Inc., Toronto, Canada). Rabbits, pigs, and humans were imaged using a handheld transducer. In addition, in human volunteers, images were collected and analyzed in the upright and decubitus positions to evaluate the effects of position on aortic wall motion.
Although the same ultrasound technology and methods were used throughout this study, the large differences in body mass among species required different ultrasound systems and transducer frequencies. Mice and rats were imaged with an ultrasound system designed for small animals (Vevo770; VisualSonics Inc.) at a frequency of 30 MHz (transducer 707B). Rabbits were imaged using a 10/5-MHz variable linear transducer (Z1.Z.09E system; Zonare Inc., Mountain View, CA, USA). The pigs were studied with an Acuson CV70 ultrasound system (Siemens, Malvern, PA, USA) and a 4/2-MHz transducer. Finally, humans were imaged with a clinical ultrasound system (iU22; Phillips Medical Systems Inc., Andover, MA, USA) and a 5/2-MHz variable curved transducer. 
Data Analysis
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Continuous data are presented as means 6 standard deviation.
Data are presented as means 6 standard deviation. Statistical analysis was performed using ANOVA followed by Scheffe's post-hoc analysis on Matlab software (version 6.5; Mathworks Inc., Natick, MA, USA); p,0.05 was considered significant. The Scheffe's procedure was performed when comparing multiple groups to provide a simultaneous 95% confidence interval (CI). Furthermore, scaling laws were described with the equation Y 5 Y 0 M b , where Y is the parameter of interest, Y 0 is a normalization constant, M is body mass, and b is the scaling exponent. Linear regression of log-log plots was used to predict allometric scaling relationships as determined by the scaling exponent (b), a 95% CI for b, and an R 2 value for the regression.
RESULTS
Average body masses, displayed on a log scale in Figure 1A , were mouse 0.02416 0.0024 kg, rat 0.49860.037 kg, rabbit 3.196 0.12 kg, pig 55.061.9 kg, and human 61.86 13.4 kg. The diastolic aortic diameters shown on a linear scale in Figure 1B were mouse 0.5360.07 mm, rat 1.4160.13 mm, rabbit 2.6660.24 mm, pig 9.5161.30 mm, and human 12.161.0 mm. Heart rates also varied greatly among species (mouse 408685.6 bpm, rat 357620.9 bpm, rabbit 280634.3 bpm, pig 10469.9 bpm, and human 57.464.1 bpm). The anterior and posterior wall displacements were measured for each species (Fig. 3) . Anterior wall displacement was sig- To compare wall motion among species, several different dilation ratios were calculated. First, ratios of average anterior wall displacement to diastolic diameter (d a /D d ) were calculated for each species and are presented as a percentage (Fig. 5) : mouse 11.8%61.4%, rat 9.6%61.8%, rabbit 9.4%6 1.1%, pig 9.8%62.1%, and human 11.7%6 1.3%. There was no significant difference among the 5 species in the means of the anterior displacement to diameter ratios. Second, average posterior wall displacement to diastolic diameter ratios (d p /D d ) were also calculated for each species (Fig. 5) : mouse 3.87%61.40%, rat 2.49%60.47%, rabbit 3.91%60.57%, pig 3.40%61.20%, and human 3.23%61.10%). Again, the ratios of posterior wall displacement to diameter did not differ significantly from one species to another. When the normalized anterior and posterior wall motion ratios were compared within each species, all 5 showed a statistically significant difference (p,0.001). Finally, post-hoc Scheffe's analysis of the anterior to posterior wall displacement ratios (d a /d p ; Fig. 6 ) showed no significant difference among the species (mouse 3.4261.30, rat 3.9260.70, rabbit 2.4760.63, pig 3.1061.10, and human 4.0361.00).
Cyclic circumferential strain was calculated for the abdominal aorta of each species (Fig. 7) . Our calculations showed similar cyclic strain across species (mouse 15.7%6 2.5%, rat 12.1%62.1%, rabbit 13.3%61.1%, pig 13.2%63.0%, and human 14.8%61.6%). These measurements combine anterior and posterior wall displacements, but offer insight into the distention of the aorta throughout the cardiac cycle.
Finally, an allometric scaling relation was derived between wall motion and body mass. Using a log-log plot of anterior wall displacement, posterior wall displacement, and aortic diameter versus body mass (Fig. 8) , linear regression produced slopes of 0.38860.019 (R 2 50.98) for aortic diameter, 0.37760.032 (R 2 50.94) for anterior displacement, and 0.37860.037 (R 2 50.93) for posterior displacement. In log-log plots, the slopes of each data set represent the scaling exponent b, which defines the relationship between the characteristic of interest (wall motion) and body mass.
DISCUSSION
We observed similar patterns of aortic wall motion for each species in this study. More specifically, anterior wall displacement was larger than posterior wall displacement, and a nearly linear relationship existed between wall motion and aortic diameter for both the anterior and posterior walls. From the calculated slopes, we can estimate that across species the anterior wall is displaced by 11% of the diastolic diameter, while the posterior wall is displaced by only 3%. Thus, anterior wall motion is 3.6 times greater than posterior wall motion. This difference may be due to the effects of external tissue support, branching vessels, and properties of the vessel wall. For example, the spine is posterior to the aorta, and most of the intercostal arteries branching off the abdominal aorta protrude from the posterior section. Also, vessel wall properties may vary about the circumference, as MR, histology, and intravascular ultrasound (IVUS) studies have shown greatest wall thickness in locations of greatest displacement. 17 
Wall Motion Ratios
Further insight into understanding aortic wall dynamics was obtained by comparing the displacement to diameter ratios. Analysis showed a statistically significant difference between anterior and posterior displacement to diameter ratios for each species. Yet, no significant difference was observed when comparing anterior displacement to diameter ratios across species. The same was true for the posterior displacement to diameter ratio. Furthermore, the anterior to posterior displacement ratios for each species did not significantly differ across species. Thus, we have shown that not only is anterior wall displacement greater than posterior displacement, but the ratio of anterior to posterior wall displacement is similar across species. We can therefore reasonably conclude that increased anterior abdominal aortic wall displacement in comparison to the posterior wall is similar for each species in this study, which helps validate the use of small animal models in the study of cardiovascular disease.
Circumferential Cyclic Strain
Our cyclic strain results (ranging between 12.1% for rat to 15.7% for mouse) agree well with previously published estimates of cyclic strain of up to 15% in human vessels. 18 Other published data have calculated strain in human vessels to be as high as 17.8%. 3 Again, statistical analysis showed no significant difference among any of the species. These results show that average cyclic strain is also similar across species and provide confidence that our method (although different from MR and CT techniques) has accurately tracked wall displacement.
Importance of Wall Motion
The finding that there is increased anterior aortic wall motion across species is important for several reasons. First, this work helps validate the use of small animal models in the study of aortic biomechanics. We can also use these data to predict an allometric scaling law that relates wall displacement to body mass. Second, atherosclerotic plaque localization around the circumference of the aorta may be affected by wall motion. Finally, wall motion and increased anterior strain may explain aspects of vessel wall breakdown and aneurysm pathogenesis. These results should also be considered in the development of improved endografts.
Allometric Scaling
Previous investigations have shown that hemodynamic parameters including cardiac output, mean blood velocity, mean Reynolds number, wall shear stress, and aortic diameter, vary with body mass according to allometric scaling laws, which relate the characteristic of interest to body mass. [19] [20] [21] [22] [23] With regards to aortic diameter, both observed (0.36) and predicted (0.375) allometric scaling exponents have been previously re- ported. 21, 23 The allometric scaling exponent (b) calculated from the slope of our log-log plot for our aortic diameter measurements agrees well with these reports. Moreover, the scaling exponents we calculated for anterior and posterior displacements were similar to the scaling exponent for aortic diameter, which supports our assertion that there is a linear relationship between wall motion and aortic diameter, as seen in Figure 4 . In summary, this is the first demonstration that wall displacement increases linearly with aortic diameter, but allometrically with body mass.
Atherosclerotic Plaque Localization
Aortic wall motion may have a significant effect on atherosclerotic plaque localization. Previous experiments using a wrap to limit wall motion in hypercholesterolemic rabbits have shown significantly reduced intimal thickening, cellular proliferation, and plaque formation. 7 Although the exact mechanism for these effects in unknown, it may be due to reduction in endothelial cell adhesion or reduced uptake of cholesterol, lipoproteins, and other molecules. 24 Other research has shown intimal thickening and plaque localization in the posterior wall of the distal aorta. 25 If endothelial cells are affected by cyclic strain, endothelial cells lining the anterior wall may behave differently than those on the posterior wall, or the concentration of cholesterol or lipoproteins may vary in a pattern similar to wall displacement. Further work can be done to quantify the effects nonuniform wall motion may or may not have on aortic wall structure and function.
Aneurysm Progression
Previous work using M-mode ultrasound to track wall displacement throughout the cardiac cycle has shown that pulsatile wall motion is correlated with aneurysm pulse pressure in humans. 26 Moreover, aneurysm morphology is often asymmetrical, with greater dilation of the anterior wall (Fig. 9) . Our findings, in combination with those of Draney et al., 5 suggest that more strain in the anterior wall could lead to increased rates of elastin fatigue. Increased dynamic strain and elastin degradation may play a role in aneurysm progression. In fact, a rat aneurysm model using an infusion of elastase in the abdominal aorta showed significantly more degradation of elastic sheets in the anterior wall compared to the posterior (unpublished data), which could implicate wall motion in the degradation of elastin and the initial stages of aneurysm formation.
Quantifying wall motion may also yield insight into endovascular repair since wall motion in aneurysms is decreased after endovascular stent-graft placement. 27 Yet, complications in patient outcomes currently arise because of endoleaks, graft migration, and variations in aneurysm morphology. Currently available devices are prone to errors in endograft sizing, fracture, and migration. Understanding the dynamics of non-uniform cyclic diameter changes and wall thickness may help to design endovascular devices with lower rates of graft migration and type I endoleak. 5 Further work could be done to see whether a correlation exists between locations of increased wall motion and type I endoleaks.
Limitations
First, M-mode ultrasound tracks only the anterior and posterior walls of a vessel (the lateral walls are not imaged). Second, errors in measurements may have occurred because wall displacement was measured by hand. To minimize such errors, a large number of cardiac cycles were analyzed. Third, because this technique tracked specular reflectors other than the vessel wall over time, many images often had multiple parallel lines. Therefore, to measure the actual aortic diameter, we uniformly chose the brightest and most distinct line as the vessel wall. Finally, the image quality did not allow ultrasound to reasonably estimate wall thickness for mice and rats. Histology in smaller species and IVUS in larger species are better for quantifying aortic wall thickness. Despite these limitations, this study produced accurate and repeatable results that agreed well with previously published work.
Conclusion
In the infrarenal abdominal aorta, anterior wall displacement is roughly 3.6 times larger than posterior wall displacement for each species studied. Aortic wall displacement increases linearly with aortic diameter, but allometrically with body mass. Anterior wall displacement is roughly 11% of the diameter, while posterior wall displacement is only 3%. The scaling exponents calculated for both anterior and posterior wall displacement were similar to those of previously published estimates for aortic diameter, further suggesting a linear relationship between wall motion and aortic diameter. Despite 10-fold differences in aortic diameter, aortic wall motion is similar among the species studied. The ratios of anterior displacement to diameter were not statistically different among species. The same was true for the posterior displacement to diameter ratio. Furthermore, the ratio of anterior to posterior wall displacement is not statistically different among species.
